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particle traversal [34] . However, it must be considered that DNA damage induced by high linear energy (LET) charged particle irradiation, besides predominantly DNA double-strand breaks (DSBs), likely additionally contains in close proximity multiple other lesions, including damaged DNA bases and DNA single-strand breaks (SSBs) [35] . We now show that CDKN1A also accumulates into foci after exposure to X-rays, and after treatment with H 2 O 2 . We provide evidence that recruitment of CDKN1A after radiation damage is dependent on its direct interaction with PCNA. Furthermore, live-cell imaging analysis of ectopically expressed EGFP-CDKN1A and dsRED-PCNA reveals that PCNA is recruited with slightly faster kinetics. Interestingly, recruitment of CDKN1A after radiation damage in nucleotide excision repair-deficient XPA cells is not different from wild type cells. These results support the notion that CDKN1A accumulation into foci in response to ionizing radiation is distinct from its role in nucleotide excision repair. We suggest that the local recruitment of CDKN1A by PCNA to DNA lesions induced by ionizing radiation or H 2 O 2 is unrelated to DSB repair and serves to regulate the multiple protein interactions of PCNA required for faithful and efficient long-patch base excision repair.
Material and methods

Cell culture, transfection, CDKN1A expression plasmids and immunoprecipitations
Confluent normal human foreskin fibroblasts (AG1522C, Coriell Cell Repository, passage number 8-15, cumulative population doublings (CPD) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , neonatal human dermal fibroblasts (NHDFs; CellSystems Biotechnologie, passage number 6-12, CPD [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and XPA-deficient human GM00710B fibroblasts (Coriell Cell Repository, passage number 18-20, CPD 6-10) were grown in EMEM medium (BioWhitaker/Cambrex) with 15% fetal calf serum (FCS; Biochrom), 1% L-glutamine (Biochrom), 0.5% penicillin/streptomycin (Biochrom) at 37°C and a 5% CO 2 atmosphere.
Cells were grown 10-14 days with bi-weekly medium changes until confluent and arrested in G 0 /G 1 -phase. Cell cycle analysis was performed by flow cytometry as described [33] using a PAS III flow cytometer (Partec) to ensure that approximately 85-95% of growth-arrested cells were in G 0 /G 1 . Parental HCT116 cells and the CDKN1A/p21-deficient HCT116 cells were kindly provided by Dr. B. Vogelstein (Johns Hopkins University, Baltimore) and maintained as described previously [36] . HeLa cells and EM9 cells were maintained as described [37] . HeLa, EM9 and HCT116 cells were transfected using Lipofectamine2000 (Invitrogen) using standard procedures.
Transfection of fibroblasts was done using AMAXA nucleofector (Lonza) according to the manufacturer's protocols.
Wild type and mutant (T145A and T145D) CDKN1A expression plasmids in the pcDNA3.1-myc-his 6 vector (Invitrogen) are described elsewhere [27] and were kindly provided by Dr. S. Dimmeler (Goethe University, Frankfurt am Main). EGFP-CDKN1A was generated by amplifying the CDKN1A ORF from the wild type CDKN1A expression plasmid [27] and by cloning the amplified CDKN1A ORF into pEGFP-C2 (Clontech) from HindIII to XbaI. The PCNA construct was generated as described in [38] , but using a DsRed-tag and was kindly provided by Dr. M. Cardoso (Technical University, Darmstadt).
Immunoprecipitations were carried out in RIPA buffer (1% NP40, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate) with protease inhibitor cocktail (Roche) and essentially as described [27] , using anti-cMyc rabbit polyclonal antibody (Santa Cruz; A14) or polyconal rabbit anti-CDKN1A (Ab-5 antibody, Oncogene).
Irradiation and H 2 O 2 treatment
For experiments involving peptide mapping the cells were irradiated with γ-rays from a Gammacell 220 irradiator (A.E.C.L. Atomic energy of Canada limited, Ottawa, Canada) with a 60 Cobalt source. Cells were irradiated with dose rates of 2 Gy/min at room temperature.
Exposure to X-rays was performed using an industrial X-ray generator (Isovolt DS1, type IV320-13 (Seifert) at 250 kV and 16 mA. This X-ray tube is equipped with a 7 mm beryllium filter and one aluminium and one copper filter of 1 mm thickness each to eliminate soft X-rays. All samples were irradiated at room temperature at dose rates of 2-3.5 Gy/min. Exposure to heavy ions was carried at the UNILAC facility at the Helmholtzzentrum für Schwerionenforschung (Darmstadt) as described previously [31] .
All ion species used throughout this study are depicted in Table I.   Table I UV micropore irradiation was based on the method described previously [39] . The medium was removed, the cells were rinsed twice with PBS and immediately after covered by polycarbonate foils containing pores of 3 µm diameter in size. 
Immunofluorescence assay
Cells were fixed in 4% paraformaldehyde and immunostained as described previously [31] . For CDKN1A detection, cells were permeabilized in Hepes buffer before fixation as described [33] . PCNA immunostaining was performed as described in [34] using cytoskeleton buffer for pre-extraction. The following primary antibodies were used:
mouse anti CIP1/WAF1 (BD; dilution 1:80); mouse anti PCNA (Chemicon; 1:50); mouse/rabbit anti γH2AXser139 (Millipore; 1:500); mouse/rabbit anti 53BP1 (Bethyl Laboratories; 1:2000) and rabbit anti XRCC1 (Alexis Biochemicals; 1:1000). Alexa 488 goat anti-mouse IgG F(ab')2 and Alexa 568 goat anti-mouse IgG F(ab')2 (Molecular Probes) were used at 5 µg/ml. DNA was stained with 1 µM ToPro-3 (Molecular Probes).
The samples were air-dried and mounted in Vectashield solution (Vector Laboratories).
Phosphopeptide mapping
HeLa cells grown in phosphate-free growth medium with 10% dialyzed FCS (Biochrom) were transfected with the wild type CDKN1A expression construct 24 h prior to mock irradiation or exposure to 10 Gy γ-rays. Immediately following irradiation, 2.5 mCi [32P]-orthophosphate was added to each 15-cm dish and incubated for 2.5 h at 37°C before cells were lysed on ice in NP40 lysis buffer (10 mM NaH2PO4 pH 7.0, 1% NP40, 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 150 mM NaCl and 1 mM AEBSF). The lysates were cleared by centrifugation and supernatants were collected for anti-CDKN1A immunoprecipitation as described in section 2.5. Immunoprecipitated complexes were separated on 10% SDS-PAGE gels using standard procedures. The gels were dried and exposed to Hyperfilm MP (GE Healthcare) overnight. Bands containing ectopic CDKN1A-myc-his 6 were excised from the gel and were mashed using a Kontes tissue grinder, and 500 µl 50 mM NH 4 were carried out at 37°C overnight. 10 µg of fresh trypsin was added and incubated for further 4 h. Four times 400 µl H 2 O were added individually and samples were lyophilized after each step using a SpeedVac evaporator. The tryptic digests then were resuspended in 400 µl electrophoresis buffer (7.8 % formic acid, 2.5 % glacial acetic acid) pH 1.9, the peptide solutions were cleared by microcentrifugation, and the supernatants were lyophilized. Digests were resuspended in 5 µl pH 1.9 electrophoresis buffer and each sample was spotted onto thin-layer cellulose (TLC) plates for firstdimension electrophoresis at 500 V for 1.5 h. Before second-dimension chromatography, TLC plates were air-dried and then placed for 6 h in phosphopeptide chromatography buffer (37.5 % n-butanol, 25 % pyridine, 7.5 % glacial acetic acid), after which TLC plates were dried again and exposed to Hyperfilm MP for 3-4 weeks.
Cell fractionation and western blot analysis
For sub-nuclear cell fractionation cells were rinsed in ice-cold PBS, trypsinized and resuspended at 10 7 cells/ml in hypotonic lysis buffer (10 mM Tris-HCl pH 7.4, 2.5 mM MgCl 2 , 0.5% NP40, 1 mM DTT, 1 mM AEBSF and protease inhibitors). Cells were lysed on ice for 10 min as described previously [40] . To separate soluble proteins from the chromatin-bound protein fraction, the suspension was centrifuged at 300 × g for 1 min. The pellet containing the chromatin-bound proteins and cell debris was washed twice in wash buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM AEBSF, and protease inhibitors) and re-pelleted at 300 × g for 1 min. The pellet was resuspended in 14000 × g for 1 min (4°C) chromatin-bound protein fractions (supernatant) were separated from pellets and pellets were resuspended in 70 µl 2 X Laemmli buffer [41] for
Western blot analyses according to our standard procedures [42] . The following primary antibodies were used: mouse anti CIP1/WAF1 (BD; 1:4000) and rabbit anti CDK2 (BD; 1:1000); mouse anti PCNA (Chemicon; 1:4000); rabbit anti β-actin (Sigma; 1:5000) and mouse anti α-tubulin (Sigma; 1:5000).
Microscopy
Microscopic analysis of fixed samples was carried out on a confocal microscope as described previously [31, 34] . A Leica TCS confocal laser scanning system equipped with a DM IRBE inverted microscope (lens: Plan Apo 63× / 1.32 oil) and an argon/krypton laser were used.
Live-cell imaging
Measurements of recruitment kinetics were essentially done as described [37] . Timelapse series during and after irradiation was recorded using a remote controlled EB-CCD (Hamamatsu C7190-53) mounted on an Olympus IX71 microscope equipped with a 60× water immersion NA1.2 Plan Apo lens. To describe the dynamics of CDKN1A and PCNA after irradiation with charged particles, the following simplified sequential binding model was used: (
] is the concentration of initially damaged DNA sites and t refers to the time in seconds. For the fitting procedure of CDKN1A binding, k1* resulting from the fitting of (1) to the PCNA data was used as an input into the equation and only k2* was treated as free parameter.
Image analysis
Maximum projections of confocal image stacks were performed using ImageJ. The Analyzer plugin of ImageJ as described in [37] .
Results
CDKN1A foci are induced by X-irradiation and do not co-localize with DSB markers
Confluent growth arrested AG1522C cells were exposed to 10 Gy X-rays and analyzed for nuclear accumulations of both CDKN1A and γH2AX. As shown in Fig. 1A , distinct accumulations of CDKN1A were detected in some nuclei of X-irradiated cells as early as 1 h post exposure. CDKN1A foci were most pronounced at 3 h and remained present until 5 h post irradiation. After 22 h, none of the irradiated nuclei displayed CDKN1A foci whereas a fraction of irradiated cells still showed γH2AX foci. In addition, at any given time-point analyzed, X-ray-induced CDKN1A and γH2AX foci did not colocalize (see below).
To test whether the accumulation of CDKN1A into foci is dose-dependent, growth arrested AG1522C fibroblasts were irradiated with 2, 4, 6, or 8 Gy X-rays and fixed at 3 h post irradiation, at which time most of the DSBs induced by X-irradiation are expected to be repaired [44] . Compared to control cells, cells exposed to 2 Gy X-rays showed very few and very small radiation-induced CDKN1A foci and some γH2AX foci (Fig. 1B) . However, with an increase in X-ray dose the number and the distinctiveness of CDKN1A foci increased, as did the number of γH2AX foci. For each X-ray dose tested, the number of induced CDKN1A foci was noticeably higher than the number of γH2AX
foci. Using image correlation analysis (ICA), these X-ray-induced CDKN1A and γH2AX
foci were determined as not colocalizing, yielding an intensity correlation quotient (ICQ) of 0.036 ( Fig. 1C ; panel a for the nucleus shown on the right). This value around 0 is indicative of random staining (see materials and methods) strongly suggesting that CDKN1A is not accumulating at the sites of DSBs. After exposure to increasing doses of X-rays, the same pattern of non-overlapping foci was observed for CDKN1A and 53BP1, another known DSB marker (suppl. Figs. 1A and 1B), also suggesting that CDKN1A accumulation into foci in response to X-rays is independent of DNA DSB formation.
An early recruitment of CDKN1A into foci and their colocalization with PCNA has been described in nucleotide excision repair (NER) [45] . In addition, we previously reported on the colocalization of CDKN1A and PCNA foci at the sites of charged particle traversal [34] . To test whether CDKN1A and PCNA foci would colocalize in response to low LET ionizing radiation (IR), we exposed G0/G1 AG1522C fibroblasts to 8 Gy X-rays and fixed and stained nuclei for both CDKN1A and PCNA, as previously described (BJ, RR, 2003). As described above, CDKN1A foci are readily observable at 3 h after 8 Gy Xrays (Fig. 1D, panel a) , as are PCNA foci (Fig. 1D, panel b) . In addition, PCNA and CDKN1A foci frequently are colocalizing (Fig. 1D , panels c-d). The ICQ of 0.181 and in particular the shapes of the ICA plots are in strong support of a colocalization between PCNA and CDKN1A after X-irradiation (Fig. 1D , panel e). As previously for CDKN1A and γH2AX, we also tested for the colocalization between PCNA and γH2AX. In response to 8 Gy X-rays, we find no colocalization of PCNA and γH2AX (suppl. Figs. 1C and 1D ).
CDKN1A forms foci in response to H 2 O 2 treatment
Next we tested whether CDKN1A would be recruited into foci after treatment with Fig. 2A ), indicating that H 2 O 2 treatment does not impair the recruitment of CDKN1A and of XRCC1 to the sites of charged particle-induced highly clustered radiation damage. Taken together, these results show that CDKN1A and XRCC1 are recruited into focal structures after H 2 O 2 treatment, but without strong evidence for their colocalization after X-irradiation. Similarly to CDKN1A and XRCC1 which colocalized after charged particle exposure (suppl. Fig. 2A ), CDKN1A and 53BP1 also colocalized in the tracks of heavy ion traversals (suppl. Fig. 2B ). Of note, ectopically expressed human CDKN1A formed foci in XRCC1-deficient EM9 hamster cells irradiated with heavy ions (suppl. Fig. 2C ), suggesting that CDKN1A recruitment in response to radiation damage is independent of XRCC1.
CDKN1A foci formation after ionizing radiation is not delayed in XPA cells
To further investigate the role of CDKN1A recruitment to DNA damaged sites, we compared nucleotide excision repair (NER)-proficient AG1522C cells and NER-deficient XPA (Xeroderma Pigmentosum complementation group A) cells exposed to 100 J/cm 2 UV-light under a microfilter-mask, carried out essentially as described before [39] .
Recruitment of both PCNA and CDKN1A was detected in AG1522C nuclei at 30 min and 5 h after exposure to UV-C light (Fig. 3A , panels a & b and e & f, respectively). In contrast, NER-deficient XPA cells show no accumulation of either PCNA or CDKN1A to the sites of UV-C-induced DNA damage at 30 min after exposure (Fig. 3A , panels c and g, respectively), but do show delayed accumulation of both proteins into foci (Fig. 3A, panels d and h), in accord with previous observations [45] . Next, AG1522C and XPA cells were exposed to argon ions. In AG1522C cells, PCNA and CDKN1A were detected as distinct foci at 30 min post exposure (Fig. 3B , panels a and e) and at 5 h post exposure (Fig. 3B , panels b and f, respectively), very similar to the response observed after UV-C light. In addition, in XPA cells recruitment of both PCNA and CDKN1A occurred early (i.e. within 30 min) after argon ions (Fig. 3B , panels c and g, respectively)
and in contrast to what we observed after UV-C microfilter-mask irradiation. These results strongly suggest a role for CDKN1A recruitment in a DNA repair pathway different from NER.
CDKN1A foci formation in response to ionizing radiation is dependent on PCNA
As shown in Fig. 3B and as reported previously [33] , CDKN1A and PCNA localize at heavy ion-induced DNA lesions. Previously, however, we had not tested for a direct interaction of CDKN1A and PCNA when recruited in response to charged particle radiation. Here, we have tested whether recruitment of CDKN1A after exposure to heavy ions is dependent on its physical interaction with PCNA. To do so, we have used three different expression constructs for C-terminally myc-his 6 -tagged CDKN1A (wild type, phosphomimetic (T145D) and non-phosphorylatable (T145A)) as described by Roessig et al. [27] . We assessed CDKN1A recruitment of ectopically expressed CDKN1A after (suppl. Fig. 3C ), as reported previously for expression of the same wild type and mutant versions of CDKN1A in COS-7 cells [27] .
Next, we asked whether ectopically expressed wild type and mutant CDKN1A would relocalize into foci in response to charged particle irradiation. HeLa cells and HeLa cells transfected with the one of the three CDKN1A expression constructs were irradiated with accelerated heavy ions and tested for CDKN1A foci formation by immunostaining.
Untransfected HeLa cells, mock irradiated or after exposure to zinc ions, did not form CDKN1A foci (Fig. 4B , panels a and b) whereas irradiated HeLa cells transfected to express wild type CDKN1A or CDKN1A-T145A did (Fig. 4B , panels d and f, respectively). In contrast, HeLa cells transfected to express the phosphomimetic version of CDKN1A (CDKN1A-T145D) did not show CDKN1A foci after irradiation with gold ions (Fig. 4, panel h ). Instead, CDKN1A-T145D remained homogeneously distributed throughout the nuclei without relocalizing into foci in response to charged particle irradiation. When CDKN1A-T145D was ectopically overexpressed in CDKN1A-deficient HCT116 cells, essentially the same results were obtained (suppl. Fig. 4 ). These data
show that the direct physical interaction between CDKN1A and PCNA is required for the recruitment of CDKN1A into foci in response to radiation damage.
CDKN1A is de-phosphorylated after γ-irradiation
To form radiation-induced foci CDKN1A requires the interaction with PCNA. For the CDKN1A-PCNA interaction to occur, CDKN1A has to be dephosphorylated as demonstrated here directly in HeLa cells by immunoprecipitation (Fig. 4A) , and also by a very similar analysis earlier in COS-7 cells [27] . Next, we used peptide mapping to test for the radiation-induced dephosphorylation of CDKN1A in transfected HeLa cells that expressed wild type CDKN1A-myc-his 6 transiently. phospho-peptides is abundant in mock-irradiated HeLa cells (Fig. 5B, upper panel) .
However, no signals for CDKN1A phospho-peptides were detected in anti-CDKN1A
complexes from CDKN1A-myc-his 6 expressing HeLa cells 2.5 h after exposure to 10 Gy γ-rays (Fig. 5B, lower panel) . These results clearly demonstrate that γ-irradiation leads to the dephosphorylation of CDKN1A, and are in accord with our data presented in Fig. 4 , in which we show that phosphomimetic CDKN1A-T145D that is unable to directly interact with PCNA also is unable to re-localize into foci after charged particle irradiation.
CDKN1A and PCNA are part of a chromatin-bound protein fraction after Xirradiation
We used fractionated extracts to test if both CDKN1A and PCNA would localize to the chromatin fraction in response to ionizing radiation. Quiescent AG1522C cells were irradiated with 8 Gy or 30 Gy X-rays and subjected to sub-cellular fractionation 3 h post exposure. As determined by western blot analysis, PCNA was not detected in the chromatin fraction in control cells that were not exposed to X-rays (Fig. 5C, lane 4) .
However, a significant amount of PCNA is detected in the chromatin fraction 3 h after exposure to 8 Gy or 30 Gy X-rays (Fig. 5C , lanes 5 and 6, respectively). In several independent experiments we also observed that the association of PCNA with the chromatin fraction in response to X-rays is dose-dependent (compare signal intensities for PCNA in Fig. 5C, lanes 5 and 6) . Independent of the radiation dose applied, no PCNA was detected in the pellet remaining after benzonase digest (Fig. 5C, lanes 7-9) .
Next we tested whether the incubation time after X-ray exposure would affect the fraction of PCNA associated with the chromatin. To do so, we exposed quiescent AG1522C cells to 30 Gy X-rays and subjected these cells to sub-cellular fractionation at 1 h and 3 h post exposure (Fig. 5D ). As before, PCNA was not present in the chromatin fraction of quiescent AG1522C cells not exposed to X-rays (Fig. 5D, lane 4) . However, PCNA was detected in the chromatin fraction of irradiated cells analyzed at 1 h or 3 h after X-ray exposure (Fig. 5D , lanes 5 and 6). In addition, while soluble CDKN1A was detected in control and in irradiated samples (Fig. 5D , lanes 1 and 2-3, respectively), CDKN1A was undetectable in the chromatin fraction of unirradiated cells (Fig. 5D, lane   4 ). However, 1 h after exposure to 30 Gy X-rays a small amount of CDKN1A, and at 3 h post exposure a distinct amount of CDKN1A was associated with the chromatin fraction (Fig. 5D, lanes 5 and 6, respectively) . Similarly, at 1 h after exposure to chrominum ions, the fraction of chromatin-bound PCNA was greatly enhanced compared to mockirradiated cells (Fig. 5E, lane 6 ). In addition, CDKN1A was also associated with the chromatin after chromium ion exposure (Fig. 5E, lane 6 ). Taken together, these results
show that both PCNA and CDKN1A become components of the chromatin-associated protein fraction in response to low and high LET ionizing radiation.
Spatiotemporal dynamics of EGFP-CDKN1A and dsRed-PCNA recruitment to radiation damage
To directly measure the dynamical behavior of CDKN1A in comparison to that of PCNA, we analyzed the recruitment kinetics of EGFP-CDKN1A (see Methods) and of dsRed-tagged PCNA [38] to ion-induced DNA damage sites in living cells. For this purpose, both proteins were ectopically expressed in HeLa cells and the formation of foci at damaged sites was observed directly during charged particle irradiation using live-cell imaging microscopy, as described previously [37] . The dynamics of the EGFP-CDKN1A
and dsRed-PCNA signals at the sites of uranium ion traversals is depicted in Fig. 6A . 
Discussion
CDKN1A is a cyclin-dependent kinase inhibitor crucially important for the response of cells to genotoxic agents and a major transcriptional target of TP53 [2] . Independent of TP53 transactivation, CDKN1A is recruited to the sites of DNA damage induced by charged particle traversals, as reported by us previously [31, 33] . Meanwhile, an increasing number of studies report that CDKN1A accumulates into focal structures at localized areas of DNA damage (for review see [30] ), pointing towards a more direct role for CDKN1A in DNA damage repair.
Our findings described here, for the first time, show that CDKN1A is rapidly recruited to DNA damage sites induced by low LET IR in human cells. We find that the accumulation of CDKN1A into foci after X-rays is both dose-and time-dependent. We provide evidence that X-ray-induced CDKN1A foci are spatially distinct from the accumulated DSB markers γH2AX and 53BP1. These results lead us to conclude that the accumulation of CDKN1A into foci in response to radiation damage is independent of DNA DSB repair. In prior studies, we consistently observed the colocalization of CDKN1A and DSB markers, such as 53BP (see suppl. Fig. 2B ) and MRE11/RAD50 [33] , at local sites of highly clustered radiation damage. This can be explained by the production of different types of lesions in close proximity within the trajectories of heavy ions, confirming the observations of others [35] . Our new data are in accord with a published report in which CDKN1A showed no protection from the cytotoxic effects of Xrays in cell survival assays or in facilitating DSB repair [46] . Taken together, these results and ours strongly argue that CDKN1A recruitment is involved in the response to radiation-induced DNA lesions that are not DSBs.
Furthermore, we provide evidence that both CDKN1A and PCNA foci colocalize in human fibroblasts expose to X-rays. In addition, taking advantage of the production of discrete DNA damage sites and high lesion density using high LET IR, we find that the accumulation of CDKN1A into foci is dependent on its direct interaction with PCNA. This direct interaction with PCNA is facilitated by CDKN1A in its non-phosphorylated state only. In strong support of these findings, we observe that ectopically expressed wild type CDKN1A in HeLa cells undergoes dephosphorylation in response to high doses of low LET γ-irradiation, and that both CDKN1A and PCNA are associated with the chromatin fraction after exposure to high doses of low LET X-rays or high LET chromium ions.
Interestingly, CDKN1A dephosphorylation and localization to the chromatin after low LET X-rays occurs within 2-3 h after irradiation, within which time we also find the recruitment of CDKN1A into foci to be most prevalent after X-irradiation.
While this manuscript was in preparation, Koike and collaborators reported the accumulation of CDKN1A at local sites of damaged DNA introduced by UV-A laser irradiation [47] . Similar to our experiments, these investigators describe the inability of ectopically expressed truncated CDKN1A that is unable to interact with PCNA, to accumulate into foci after UV-A laser irradiation. While Koike and collaborators did not use presensitizers, they used a 405-nm laser with a high likelihood for also introducing NER-relevant DNA lesions, as previously discussed [45, 48] . Both laser microirradiation systems and charged particles induce highly localized DNA damage. However, the results obtained with these two different radiation modalities are very difficult to compare, since, unlike the radiation dose from heavy ions, the delivered laser dose cannot be measured directly, as reported by us in a prior study [49] . Importantly, differences in the DNA damage spectra and the extremely high local dose from UV-A microlasers can lead to the recruitment of specific DNA-binding proteins and repair factors, which, after densely ionizing charged particle irradiation, do not localize to the sites of particle traversal [48, 49] . In addition, while Koike and collaborators [47] , in line with our results for high LET radiation, show that rapidly recruited EGFP-CDKN1A colocalizes with a DSB marker after UV-A laser irradiation, our new results in the present study clearly delineate that this is not the case after sparsely ionizing X-irradiation.
Similarly to what has been reported for CDKN1A and PCNA in NER-related processes and for the spatiotemporal dynamics of CDKN1A recruitment to DNA damage sites induced by UV-light [45] , we find that CDKN1A recruitment follows PCNA recruitment with slight delay also after charged particle irradiation. Notably, while in XPAdeficient human fibroblasts the recruitment of CDKN1A to local areas of DNA damage sites induced by UV-light is greatly impaired ( [45] , and this study), we show that in NERdefective XPA-deficient fibroblasts exposed to heavy charged particles CDKN1A recruitment into foci is not different from NER-proficient wild type cells. These results
show that binding of CDKN1A to DNA damage sites after ionizing radiation is unrelated to NER processes.
Recently a role for CDKN1A recruitment in base excision repair (BER) challenged by an alkylating agent has been reported [50] . However, after H 2 O 2 treatment, we observed only random colocalization between XRCC1 and CDKN1A, arguing that CDKN1A and XRCC1 may function at distinctively different stages of XRCC1-mediated single nucleotide base excision repair (SN-BER) or that the detection of the colocalizing XRCC1 and CDKN1A is experimentally difficult using immunocytohistochemistry.
Alternatively, CDKN1A may not be involved in any stage of SN-BER after oxidative DNA damage.
Given the fact that our results for radiation damage which also produces a high number of oxidative DNA lesions show that CDKN1A recruitment is facilitated by PCNA, we favor a model in which CDKN1A via its direct interaction with PCNA responds to IRinduced lesions by BER. It is reasonable to assume that these lesions most likely are repaired by long-patch BER (LP-BER), in which CDKN1A could orchestrate the multiple protein interactions of PCNA that are necessary to faithfully and efficiently conduct this pathway ( [30] and references therein). In this regard it is interesting to note that 
